In 18 patients who were undergoing upper laparotomies the alveolo-arterial oxygen difference and right-to-left shunt were measured before the operation, on the first post-operative day, and in some cases also later in the post-operative period. The arterial oxygen tension was found to be considerably reduced post-operatively. The right-to-left shunt estimated by the hydrogen isotope technique was moderately increased in most instances, but the increase was far from large enough to account for the observed hypoxaemia. It is concluded that uneven distribution of ventilation relative to perfusion is the main cause of post-operative hypoxaemia, whereas veno-arterial shunt through atelectatic areas is of minor importance.
An abdominal operation, especially a high laparotomy, has a profound influence on the function of the lungs. Vital capacity is reduced to about half the pre-operative value, whereas the functional residual capacity decreases somewhat less. Respiratory minute volume remains fairly constant, but respiration becomes more frequent with a smaller tidal volume (Anscombe, 1957) .
A fall in arterial oxygen saturation or oxygen tension after operation has been noted by many authors, even in patients without evidence of pulmonary complications (Troell, 1951 ; Carlsten, Norlander, and Troell, 1954; Gordh, Linderholm, and Norlander, 1958; Nunn and Payne, 1962; Conway and Payne, 1964) . Arterial carbon dioxide tension, however, remains essentially unchanged (Linderholm and Norlander, 1958; Palmer and Gardiner, 1964) . There is thus no evidence of alveolar hypoventilation, which would cause a raised arterial carbon dioxide tension. It seems likely that the post-operative hypoxaemia is due either to disturbances of the normal ventilation to perfusion relationships or to a right-toleft shunt through atelectatic parts of the lungs.
In the series of investigations to be reported we have tried to separate these two components as far as possible. This has been done with the use of two shunt estimations. The alveolo-arterial oxygen gradient during air breathing has been used to calculate the physiological shunt, i.e., the sum of contributions, whether from underventilated alveoli or from veno-arterial shunts, which cause a decrease in arterial oxygen tension.
Injection of the radioactive hydrogen isotope, tritium, has been used to calculate the pure right-to-left shunt, i.e., the amount of blood which passes from the venous to the arterial side without contact with alveolar gas.
MATERIAL AND METHODS
Eighteen patients (14 men and 4 women, age range 22-70 years) undergoing gastric or biliary tract operations were studied. All patients were in good general condition without fever, shock, or anaemia. None of them had a history of chronic or recurrent cough or dyspnoea, and pre-operative lung function studies, including determination of lung volumes, ventilatory capacity, and intrapulmonary gas mixing by the nitrogen washout technique showed normal results in each case.
The study included a pre-operative investigation and one or more investigations in the post-operative period, preferably beginning on the first post-operative day about 24 hours after the operation. In each case an indwelling needle was placed in a brachial artery and blood was drawn for determination of oxygen tension (Pao2) with a polarographic method (Bartels, 1951) , and pH and carbon dioxide tension (Paco2) with Astrup's interpolation method (Siggaard Andersen, Engel, J0rgensen, and Astrup, 1960 ). An intravenous injection of tritium (OH2, 172') as a physical solution in isotonic saline was then given rapidly, and arterial blood was drawn from 5 to 30 seconds following the injection for determination of right-to-left shunt by the method of Lassen, Mellemgaard, and Georg (1961) .
The alveolar oxygen tension (PAO2) was calculated from the alveolar air equation using an assumed respiratory quotient of 0-8. From PAO2 and Pao2 the 382 alveolo-arterial oxygen tension difference (P(A-a)o2) was obtained. This alveolo-arterial oxygen difference was also expressed as the physiological shunt (4a), i.e., the fractional perfusion through non-ventilated alveoli and 'anatomical' shunt, which would account for the entire observed P(A-a)o2.
Os was calculated from the shunt equation
C(A-a)o2 is the alveolo-arterial oxygen difference expressed in concentration units (ml./1.). It is calculated from PAO2, Pao2, the oxygen capacity of the blood estimated from the haemoglobin concentration, the standard oxyhaemoglobin dissociation curve of Dill and Forbes (Severinghaus, 1958) , and the solubility of 02 in blood (Sendroy, Dillon, and Van Slyke, 1934) . The arteriovenous oxygen difference, C(a-V)02, was not measured in the present study. An average value of 45 ml./1. was assumed.
Determination of right-to-left shunt (QrI) with hydrogen (tritium) utilizes the very poor solubility of this gas in blood (Xblood/gas=0-017 (Mellemgaard, Lassen, and Georg, 1962) ). As a consequence of this low solubility blood passing through pulmonary capillaries in contact with air-containing alveoli is almost completely cleared of the gas. The fraction of T2 remaining in the arterial blood after the first passage through the central circulation is therefore a sensitive measure of the right-to-left shunt. (Brattstrom, 1954) or with helium technique (Ross, Eller, Ley, and King, 1963) , is in accordance with this hypothesis, since alveolar collapse may be presumed to involve primarily regions with low ventilation/ perfusion ratios. An argument against this concept has been the lack of correlation between arterial hypoxaemia and radiologically demonstrable atelectases. This may be explained, however, by the occurrence of multiple small atelectatic areas which cause oxygen desaturation without being visible on radiography. A more convincing counterargument is provided by the finding of Conway and Payne (1963) and Poulsen (1965) that even a moderate increase in the oxygen concentration of the inspired air, e.g., to 30%, may abolish the arterial hypoxaemia. If the desaturation were due solely to a veno-arterial shunt, a slight increase in alveolar oxygen tension would have little effect on the arterial hypoxaemia.
The results of the present study are in accordance with the latter view, since we have found the main cause of the hypoxaemia to be ventilation/perfusion inequalities with relative overperfusion of underventilated areas. A venoarterial shunt-probably through atelectatic areas -contributes to the hypoxaemia but is of minor importance.
The validity of this conclusion is dependent on the difference between the right-to-left shunt and the physiological shunt. Both estimations may be subject to error. The use of an assumed arteriovenous oxygen difference gives rise to some uncertainty in the calculation of the physiological shunt. The oxygen difference may well be considerably greater post-operatively than preoperatively on account of an increase in oxygen uptake in the presence of unaltered or decreased cardiac output. Even if the actual arteriovenous oxygen difference were considerably greater than assumed, say 60 instead of 45 ml./1., the calculated post-operative physiological shunt would still be large compared to the right-to-left shunt observed.
Another objection is that the estimated rightto-left shunt does not account for all veno-arterial shunting. The tritium method measures only that fraction of the labelled mixed venous blood which bypasses the alveoli, whereas contributions from other sources (bronchial and thebesian venous flow to the left side of the heart) are not measured. It is a reasonable assumption, however, that these contributions are of the same magnitude as in normal subjects, i.e., about 2 % of the cardiac output (Mellemgaard, 1966) , and not affected by the operative procedure. The pure right-to-left shunt is thus the relevant measurement in this connexion, and the conclusion that veno-arterial shunting is of minor importance for the post-operative hypoxaemia should rest on solid ground.
Our findings are not incompatible with the existence of widespread atelectases, which the results of pulmonary function tests mentioned above would suggest, but they indicate that if such collapsed areas are present their perfusion must be reduced so that they contribute relatively little to the arterial desaturation. In this connexion it should be stressed that our study does not contain any data from the immediate post-operative period. The finding that hypoxaemia during the first hours after operation can be abolished by a few deep respirations (Bendixen et al., 1963) seems to indicate that atelectases in this period are of greater significance.
The identical results obtained in clinically complicated and uncomplicated cases are in agreement with the findings of Palmer, Gardiner, and McGregor (1965) . This indicates that it is the surgical intervention itself which gives rise to the ventilation/perfusion disturbances and to the development of atelectatic areas. Other factors, such as pre-existing lung disease, bronchitis, or airway infections, determine whether clinically manifest complications do in fact develop.
